1. Introduction {#s0005}
===============

Amyotrophic lateral sclerosis (ALS) is a progressive, neurodegenerative disorder caused by selective degeneration of upper and lower motorneurons. The disease process leads to progressive muscle weakness, atrophy, respiratory failure, and death three to five years after onset [@bb0005], [@bb0010]. ALS phenotypes are frequently classified on the basis of symptoms at onset: two-thirds of patients have limb-onset (spinal ALS), while one-third of patients present bulbar-onset (bulbar ALS), since they first manifest symptoms of dysarthria and dysphagia [@bb0015].

The frequency of ALS appears to be higher in male than in female patients (3:1) [@bb0010], [@bb0020], but this difference decreases with age. Gender appears to influence the clinical features of the disease: men are more likely to present limb-onset, whereas women have more frequently a bulbar-onset, which usually occurs at an older age [@bb0025]. The pathogenesis of ALS is attributed to a complex interaction between impaired molecular pathways and epigenetic regulation [@bb0030]. However, the variability in clinical features of the disease (age of onset, spinal or bulbar involvement, rapidity of progression, etc.) remains poorly understood, as well as the role of modifier genes and epigenetic factors.

In the present study we investigated microRNAs (miRNAs) expression levels in muscles of ALS patients. MiRNAs are small non-coding RNA molecules, which regulate the expression of a network of genes at the post-transcriptional level, usually binding the 3′-untranslated region of mRNA sequence. MiRNAs are involved in many biological processes in response to extracellular signals and stress.

A group of muscle-specific miRNAs (called "myo-miRNAs") including miRNA-1, miRNA-206, and miRNA-133a/b, are involved in the processes of proliferation, regeneration, plasticity, and repair of muscle ([Table 1](#t0005){ref-type="table"}), where they act as muscle mass regulators and aid the maintenance and function of homeostasis [@bb0035], [@bb0040]. MiRNA-206 is specific to skeletal muscle, while miRNA-1 and miRNA-133a/b are also found in the heart muscle [@bb0045]. Another possible myo-miRNA (miRNA-27a) promotes myoblast proliferation by targeting myostatin, an inhibitor of skeletal myogenesis [@bb0050].Table 1Role of miRNAs in muscle, neuromuscular junction, lymphocytes or macrophages.Table 1miRNAsBiological process involvedFindingsmiR-206Muscle proliferation and differentiationUp-regulated following myoblasts differentiation into myotubes and regenerationmiR-31, miR-335, miR-34c, miR-449, miR-494Muscle proliferation and differentiationUp-regulated following myoblasts differentiation into myotubes and regenerationmiR-1, miR-133a, miR-133b, miR-29c, miR-135aDegeneration and atrophyInterfere with ability of muscle to adapt to exercise: down-regulated during hypertrophy, physical inactivity, fiber loss, atrophymiR-27aMuscle proliferationPromotes myoblasts proliferationmiR-155InflammationPromotes pro-inflammatory pathwaysmiR-221, miR-223, miR-21InflammationCorrelated with presence of inflammatory cellsmiR-146aInflammationInhibits pro-inflammatory cytokinesmiR-149\*InflammationInhibits pro-inflammatory cytokines and innate responses

Our hypothesis is that myo-miRNAs might play a role in modulating the disease course in ALS, where degeneration of both upper and lower motorneurons leads to muscle atrophy. Indeed, we expected miRNAs to exert their action by regulating muscle atrophy and wasting, possibly under the effect of sexual steroid hormones. Furthermore, since miRNAs have a role both in hypoxia and immune stimulation [@bb0055], we also investigated whether immune system-related and angiogenic-related miRNAs [@bb0060] have a role in ALS pathology.

In the muscle of 13 ALS patients we measured the levels of 5 myo-miRNAs and 4 miRNAs implicated in the inflammatory/angiogenic process. To determine whether gender and age at onset might be relevant factors in the modulation of miRNAs expression in muscle, we compared their results in subgroups of ALS patients divided according to their gender and the age at onset of symptoms.

2. Materials and methods {#s0010}
========================

2.1. Patients selection {#s0015}
-----------------------

We selected 13 sporadic patients affected with ALS (6 males and 7 females) who were diagnosed according to the revised El Escorial Criteria [@bb0015] and followed at the IRCCS San Camillo Hospital in Venice, Italy. None of these patients showed mutations in SOD1 or TDP43 genes. Clinical data are summarized in [Table 2](#t0010){ref-type="table"}.Table 2Clinical data of ALS patients.Table 2Patient N.GenderType of onsetAge at onset (years)Age at biopsy (years)Disease duration (months)Clinical featuresAssociated disorders1MSpinal6669362FSpinal46460Spasticity, tetraplegia3FSpinal70.57218Diabetes mellitus4MSpinal636305FSpinal3030.566MSpinal58580Lung cancer7MSpinal51.55318Monoclonal gammopathy8MSpinal4546.5189FBulbar63.56630RIGMonoclonal gammopathy10MBulbar65.56818PEG, tracheostomy11FBulbar7171.56PEG12FBulbar404112PEG, NIVCystic teratoma13FBulbar53530Mean 55.6Mean 56.7Mean 12.4[^1]

For the purpose of the study, the patients were subdivided in subgroups according to their gender (males, females), the age at onset of symptoms (early onset: \< 55 years, late onset: \> 55 years), and the duration of the disease (short duration: 0--6 months, long duration: 7--36 months).

2.2. Muscle biopsies {#s0020}
--------------------

Soon after onset of symptoms and diagnosis, ALS patients underwent a quadriceps femoris muscle biopsy (following written informed consent and ethical committee approval) as a part of the diagnostic process and to exclude other disorders which may mimic ALS at onset, such as inclusion body myositis, motor polyneuropathies, multifocal motor neuropathy, chronic proximal spinal muscular atrophy, and hereditary spastic paraplegia with polyneuropathy.

Immediately after collection, muscle biopsy samples were frozen in isopentane, chilled in liquid nitrogen, and then stored at − 80 °C at the Telethon Genetic Biobank Network (TGBN) in Padova. As healthy controls we used quadriceps muscle samples from five age-matched individuals who had no neuromuscular disorders.

2.3. RNA extraction and miRNA quantification {#s0025}
--------------------------------------------

Muscle RNA isolation was performed with the miRNeasy Mini Kit (Qiagen, Hilden, Germany) following the instructions of the manufacturer. RNA was reverse transcribed using TaqMan microRNAs reverse transcription kit (Applied Biosystems, Carlsbad, CA, USA) according to the manufacturer\'s protocol and specific probes for each miRNA. Primers sequences are indicated in [Supplementary Table 1](#ec0005){ref-type="supplementary-material"}. Quantitative PCR (real-time-PCR) experiments were conducted in duplicate and repeated at least twice. MiRNA expression levels were normalized on miRNA-39-3p of *C. elegans* used as an internal control and to measure the reverse transcription efficiency. After median Ct values normalization, miRNA expression level was calculated using the 2^− ΔΔCt^ method, and normalized to the control mean.

2.4. Statistical analysis {#s0030}
-------------------------

Values are expressed as mean ± standard deviation, and differences in various groups were analysed using two-tailed Student *t*-tests. The level of significance was set at p \< 0.05.

3. Results {#s0035}
==========

Our study involved 13 ALS patients whose symptoms at onset were either bulbar (5 cases) or spinal (8 cases), and disease signs occurred at ages ranging from 30 to 71 years (mean 55.6) ([Table 2](#t0010){ref-type="table"}). Age at biopsy ranged from 30.5 to 72 years (mean 56.7), and disease duration ranged from 0 to 36 months (mean 12.4) ([Table 2](#t0010){ref-type="table"}). Patients underwent a clinical follow-up during a rehabilitation treatment at IRCCS San Camillo Hospital: three patients underwent a percutaneous endoscopic gastrostomy, one underwent radiologically inserted gastrostomy, one presented spasticity and tetraplegia, one required tracheostomy, one required non-invasive ventilation, and five presented other associated disorders (two had monoclonal gammopathy with abnormal immunophenotype). These two latter patients actually had dysproteinemia (which is a purely quantitative change due to increase in the normal components of gamma-globulines, i.e. monoclonal gammopathy) and not paraproteinemia, which is due to abnormal plasma cells proliferation.

When subdividing the patients according to their gender, the two subgroups had similar age at onset, age at biopsy, and disease duration ([Table 3](#t0015){ref-type="table"}). Conversely, when we subdivided the patients according to the age at onset of symptoms or according to disease duration, early onset and late onset patients significantly differed for age at biopsy, whereas short duration and long motorneuron (MND) disease duration patients had similar age at onset and age at biopsy.Table 3Clinical data of ALS patients subdivided according to gender, age at onset, and disease duration.Table 3PatientsGender (M, F)Age at onset (years)Age at biopsy (years)Disease duration (months)Males6 M58.0 ± 8.4 n.s.62.2 ± 6.8 n.s.15.0 ± 13.5 n.s.Females7 F53.4 ± 15.754.3 ± 16.110.3 ± 10.8Early onset (\< 55 years)2 M, 4 F42.5 ± 7.2[⁎⁎](#tf0005){ref-type="table-fn"}43.4 ± 7.5[⁎⁎](#tf0005){ref-type="table-fn"}9.0 ± 8.3 n.s.Late onset (\> 55 years)4 M, 3 F65.3 ± 4.566.7 ± 4.915.4 ± 14.2Short duration (0--6 months)2 M, 4 F53.5 ± 14.3 n.s.53.6 ± 14.2 n.s.2.0 ± 3.1[⁎⁎](#tf0005){ref-type="table-fn"}Long duration (7--36 months)4 M, 3 F57.4 ± 11.859.3 ± 12.321.4 ± 8.3[^2]

3.1. Myo-miRNAs and inflammatory miRNAs in ALS versus controls {#s0040}
--------------------------------------------------------------

The expression levels of both myo-miRNAs and inflammatory/angiogenic miRNAs were significantly higher in ALS than in controls, with the exception of miRNA-149\* ([Supplementary Table 2](#ec0010){ref-type="supplementary-material"}, [Fig. 1](#f0005){ref-type="fig"}A).Fig. 1Histograms showing the expression levels of myo-miRNAs and inflammatory/angiogenic miRNAs in ALS patients (black bars) and controls (white bars) (Panel A), and of male patients (black bars) and female patients (white bars) (Panel B). Significantly higher levels were found in ALS patients versus controls, and between males versus females (\*\* = p \< 0.005).Fig. 1

3.2. Gender differences {#s0045}
-----------------------

The expression levels of myo-miRNAs and inflammatory/angiogenic miRNAs (with the exception of miRNA-149\*) were significantly higher in male patients than in females ([Supplementary Table 2](#ec0010){ref-type="supplementary-material"}, [Fig. 1](#f0005){ref-type="fig"}B).

3.3. Different age of onset and disease duration {#s0050}
------------------------------------------------

The expression levels of myo-miRNAs (except for miRNA-133b) were significantly higher in early onset than late onset patients, while the levels of inflammatory miRNAs (except for miRNA-149\*) were down-regulated in patients with early compared to late onset ([Supplementary Table 2](#ec0010){ref-type="supplementary-material"}, [Fig. 2](#f0010){ref-type="fig"}A). The expression levels of myo-miRNAs (except for miRNA-133b) were significantly lower in patients with short versus long disease duration, and the levels of inflammatory/angiogenic miRNAs (except for miRNA-149\* and miR-221) were significantly down-regulated in patients with short compared to long disease ([Supplementary Table 2](#ec0010){ref-type="supplementary-material"}, [Fig. 2](#f0010){ref-type="fig"}B).Fig. 2Histograms showing the expression levels of myo-miRNAs and inflammatory/angiogenic miRNAs in ALS patients with different age at onset (Panel A) and with different disease duration (Panel B). Patients with onset before 55 years (black bars) showed a significant up-regulation of all miRNAs versus patients with onset occurring later than 55 years (white bars) (\* = p \< 0.05, \*\* = p \< 0.005). Patients with short disease duration (white bars) showed a significant down-regulation of most miRNAs versus patients with long disease duration (black bars) (\* = p \< 0.05, \*\* = p \< 0.005), with the exception of miR-133b, miRNA149\*, and miR-221 (this latter being up-regulated).Fig. 2

These results suggest a modification of molecular pathways involving miRNAs during the course of the disease.

4. Discussion {#s0055}
=============

The role of miRNAs and their abnormal expression has been documented in various muscle disorders including Duchenne dystrophy [@bb0065], [@bb0070], [@bb0075], myotonic dystrophy [@bb0080], [@bb0085], [@bb0090] and inflammatory myopathies [@bb0095]. However, few studies have so far focused on miRNAs action in ALS muscle.

Several studies in mouse models of both ALS [@bb0100], [@bb0105], [@bb0110] and spinal muscular atrophy [@bb0115] have demonstrated an increase in miRNA-206 expression level, which strongly parallels the onset of the disease and muscle atrophy, and a prominent disorganization of the neuromuscular junction (NMJ), which might slow down the reinnervation of denervated muscle [@bb0100]. These data suggest that muscle signaling might contribute to neuronal degeneration and play a role in the progression of ALS disease.

Furthermore, an up-regulation of miRNA-206 and variable changes of other myo-miRNAs have been documented in rodent muscle after nerve injury or denervation [@bb0040], [@bb0105], [@bb0120], suggesting that the underlying mechanism is not specific of MND but it is shared between various conditions in which NMJ function is impaired. Indeed, miRNA-206 is a key regulator of bidirectional signaling between muscle fibers and neurons, since it is able of sensing damage or loss of motorneurons and promoting regeneration of functional NMJ to attenuate muscle injury [@bb0040], [@bb0110], [@bb0125] and delay the progression of the disease [@bb0100], [@bb0130].

Our hypothesis is that the molecular mechanisms involved in the growth and maintenance of muscle are dys-regulated in ALS and that these changes might contribute to progression of the disease. Since the loss of muscle mass and weakness reduce the capacity for exercise rehabilitation, and contribute to disease progression, investigations into the molecular pathways involved in muscle atrophy have important clinical consequences in ALS.

The serum of ALS patients showed different miRNA levels in patients with spinal-onset as compared with bulbar-onset [@bb0135], and the more rapidly evolving clinical group (bulbar-onset) showed a higher degree of muscle fiber atrophy. Few studies have investigated the expression of miRNAs in muscle of ALS patients, providing non-concordant results [@bb0140], [@bb0145].

The over-expression of myo-miRNAs we found in ALS patients supports the notion that they regulate muscle plasticity or active remodelling process [@bb0150], which includes atrophy of some fibers, compensatory hypertrophy of other fibers to overcome the loss of muscle fibers, reinnervation occurring after denervation in MND (as demonstrated by fiber type grouping in chronic and prolonged ALS muscle), and occurrence of target or targetoid muscle fibers. Indeed, miRNA-1 and miRNA-133a are down-regulated in muscle hypertrophy [@bb0155] and miRNA-206, which is widely expressed in newly-formed muscle fibers, has a crucial role in the regeneration and maturation of muscle during atrophy [@bb0160]. Therefore, the high levels of miRNA-206 we found in ALS muscles are important because this miRNA is involved in the regulation of muscle mass [@bb0140], [@bb0130].

Another original field of research in ALS is the potential involvement of the immune system. Interestingly, we found a significant over-expression of inflammatory/angiogenic miRNAs, which was particularly evident in patients with longer disease duration.

In this context, it is worth noting that miRNA-155, which regulates both innate and adaptative immune response [@bb0165], [@bb0170], [@bb0175], was found to be two-fold increased in the spinal cord of ALS patients [@bb0165] and its inhibition was able to promote a significant extension in survival time of ALS animal model.

MiRNA-221 has a role both in the maintenance of skeletal muscle differentiation [@bb0180], in inflammatory responses (by regulating the expression of pro-inflammatory cytokines) [@bb0185], and in endothelial inflammation (by inhibiting nitric oxide production and activated NF-kB signaling in endothelial cells) [@bb0190].

MiRNA-146a (a pro-inflammatory miRNA regulated by NF-kB [@bb0195]) is involved in innate immunity and negatively regulates the secretion of pro-inflammatory cytokines preventing aggressive inflammation [@bb0200], [@bb0205], [@bb0210]. NF-kB plays a key role in skeletal muscle, leading to atrophy through classical pathway or promoting skeletal muscle homeostasis by alternative pathways [@bb0215]. Therefore, both miRNA-146a and miRNA-221 might have a role in ALS pathogenesis due to their link between muscle atrophy and inflammation via NF-kB action. The increased expression of inflammatory miRNAs we observed especially in ALS with long disease duration might be attributed to the activation of NF-kB that is known to cause both loss of muscle mass and production of inflammatory cytokines which have found to be elevated also in sarcopenic condition [@bb0215].

Another novel and interesting result from our study is the differential miRNAs expression in ALS muscle from male patients as compared to females, in agreement with the previous suggestion of a different disease course related to gender [@bb0025], [@bb0220]. It is well known that normal male and female skeletal muscles display considerable differences in their metabolic properties and gene expression patterns [@bb0225]. Furthermore, the aged muscle transcriptome differs between healthy men and women in immune activation, extracellular matrix remodelling and lipid component [@bb0230]. Earlier studies comparing man and women in response to disuse atrophy suggested that there are gender differences in muscle strength loss and atrophy. A gender difference in muscle inflammation following muscle exercise showed that women have less inflammation [@bb0235]. Another factor enhancing the degree of atrophy may be the initial muscle mass, suggesting that a smaller initial muscle mass in females attenuates gender-specific muscle loss. Recent studies have focused on the gender differences in ALS patients [@bb0220]: the incidence of the disease was found to be higher in men than in women, and there was a gender difference between age of onset and spinal- or bulbar-onset [@bb0240]. Here we provided further evidence that miRNAs might play a regulatory role leading to different clinical features of ALS according to gender. The lower expression of miRNAs levels we found in female patients might be related to different hormonal control, implying a slower course in females. A positive association of a longer survival of ALS women suggested that a longer exposure to female sexual hormones might have a neuro-protective effect [@bb0245]. Furthermore, miRNA-206 could have a positive regulatory effect in men, promoting the formation of new synapses, while miRNA-133a/b and miRNA-133b might delay the onset of ALS in women [@bb0250].

The present study offers the novel observation that there is an up-regulation of myo-miRNAs and of inflammatory miRNAs in ALS patients with earlier age at onset and in patients with longer disease duration, and as such could be a useful diagnostic marker at the onset of the disease. These differences might reflect an active remodelling at NMJ level in the early-onset cases, and concomitant atrophic and inflammatory processes due to active tissue inflammation in the disease course. This result is in agreement with observation on consecutive ALS muscle biopsies showing an increased inflammation after 12 weeks [@bb0145].

5. Conclusions {#s0060}
==============

Although the mechanism underlying ALS pathogenesis is poorly understood, it is likely that multi-factorial components are at play. We demonstrated a significant up-regulation of myo-miRNAs (especially miRNA-206) and of inflammatory miRNAs (especially miRNA-221) in the patients with earlier age at onset of symptoms. This difference may suggest a possible role of miRNAs in the progression of events modulating the disease, including reinnervation or inflammation.

Our findings show differential miRNAs expression in muscle from males and females ALS patients, which could be attributed to hormonal regulation that controls body muscle mass, differential response to muscle atrophy, and sarcopenia.

The differential expression in patients with various disease durations might reflect different degree of plasticity or inflammatory cell response in the disease course.

The following are the supplementary data related to this article.Supplementary Table 1Primer sequences of miRNA probes.Supplementary Table 1Supplementary Table 2Expression levels of miRNAs in ALS patients and controls. \*\*: p \< 0.005 in total patients vs controls, in males vs females, in eraly onset vs late onset, in short duration vs long duration. \*: p \< 0.05 in males vs females, in eraly onset vs late onset, in short duration vs long duration.Supplementary Table 2
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[^1]: M: male. F: female. RIG: radiologically inserted gastrostomy. PEG: percutaneous endoscopic gastrostomy. NIV: non-invasive ventilation.

[^2]: p \< 0.001 in early onset group vs late onset group, and in short duration group vs long duration group. N.s.: non-significant difference.
